Motor neurons are thought to critically regulate the survival of a subset of developing muscle fibers. In muscles that develop in the absence of innervation, primary muscle fibers appear to form in normal numbers, but their long-term survival is thought to require innervation-induced suprathreshold activity. Here I examine interactions between motor neurons and muscle fibers in newborn rats. I report that a small fraction of muscle fibers in developing muscles undergo apoptosis. Many, if not all, of these fibers appear to have lost innervation owing to the retraction of nerve terminals. That the apoptosis is initiated by the loss of functional innervation is suggested by a severalfold increase in the magnitude of fiber apoptosis following denervation and muscle paralysis. Finally, both naturally occurring and denervation-induced muscle fiber apoptosis can be prevented by exogenous administration of neuregulin. These results argue that the survival of all or a subset of developing muscle fibers is ultimately regulated by neuregulin. Furthermore, these results suggest a model in which innervation-induced suprathreshold activity indirectly regulates muscle fiber survival by modulating the levels of neuregulin at developing neuromuscular junctions. ᭧
INTRODUCTION
these fibers are not maintained, and eventually atrophy and degenerate, possibly as a result of their apoptotic death (McClearn et al., 1995) . In contrast, fewer later generation The regulation of the numbers of muscle fibers and of the number of motor neurons that innervate them is thought or secondary fibers form in the absence of innervation or in paralyzed muscles (Fredette and Landmesser, 1991 ; Condon to depend on signaling interactions during development. The adult size of the motor pool innervating a muscle is et al., 1990; Hughes and Ontell, 1992; Ashby et al., 1993a,b) . Ashby et al. (1993b) have proposed that the generation of determined by the death of a large portion of the motor neurons that initially reach the target muscle. The survival/ secondary muscle fibers is regulated by the amount of activity experienced by the primary muscle fibers. death of motor neurons appears to be determined by competition among the motor neurons for a limited supply of Here I show that muscle fibers undergo apoptosis in newborn rats, and that fiber apoptosis is correlated with the loss muscle-derived factors, since the number of surviving motor neurons is augmented by an increase in the size of target of all innervation. The magnitude of muscle fiber apoptosis is increased both by denervation and muscle paralysis, and muscles achieved by transplantation but is attenuated by removal of target muscle (Hollyday and Hamburger, 1976;  both naturally occurring and denervation-induced apoptosis can be prevented by exogenous administration of glial Oppenheim, 1991) . Furthermore, motor neuron survival can be promoted in vitro as well as in vivo by muscle extracts growth factor II (GGF2), a member of the neuregulin family of trophic factors (Marchionni et al., 1993) . These results and by muscle-derived growth factors (Grinnell, 1995) .
Motor neurons, in turn, appear to regulate the numbers argue that muscle cell survival is regulated indirectly by innervation-induced suprathreshold activity and directly by of their targets by influencing the generation and survival of fibers in developing muscles. In muscles that develop in neuregulin. A model is proposed in which motor neurons promote the survival of primary muscle fibers indirectly, the absence of innervation (Ross et al., 1987; Hughes and Ontell, 1992; Ashby et al., 1993a) or excitation-contraction by modulating the synaptic levels of neuregulin through the activity they induce in target muscle fibers. coupling (Ashby et al., 1993b) , the earliest forming or primary muscle fibers are generated in normal numbers, but
METHODS
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cles were denervated by resection of the posterior auricular nerve as it exits the stylomastoid foramen. Wounds were closed with 8-O suture and pups were then returned to their mothers.
Immunohistochemistry. At the time of the acute experiment, muscles were dissected free in oxygenated Ringers (Liley, 1956) , fixed in 4% phosphate-buffered paraformaldehyde for 10 min at room temperature and then rinsed in phosphate-buffered saline (PBS) for 30 min. Fixed muscles were permeabilized in absolute methanol for 6 min at 020ЊC and again washed in PBS for 30 min. Apoptotic nuclei were labeled using a commercial kit (Oncor, Apoptag, Gaithersburg, MD). Briefly, terminal deoxynucleotidyltransferase (TdT) was used to catalyze the template-independent addition of digoxigenin-conjugated deoxyribonucleotide triphosphate (dUTP) to the 3-OH ends of fragmenting DNA. FITC-conjugated anti-digoxigenin antibodies were then used to visualize the tagged DNA. This technique is referred to as the TUNEL technique, which is terminal dUTP nick end labeling (Gavrieli et al., 1992) . In some preparations, nuclei were labeled with propidium iodide (Sigma, St. Louis, MO, P-4170, used at 50 mg/10 ml PBS). Axons and their terminals were jointly labeled with primary antibodies to the 200-kDa neurofilament protein (Developmental Studies Hybridoma Bank, Baltimore, MD, 2H3, used at 1:200), and to synaptophysin (Sigma, S-5768, used at 1:400). An FITC-conjugated antimouse secondary antibody (Sigma, F-2266, used at 1:100) was used to visualize binding of these primary antibodies. Despite their labeling with the same fluorochrome (FITC) nerve terminals were easily distinguished from apoptotic nuclei. Acetylcholine receptors were labeled with TRITC-conjugated a-bungarotoxin. Images were acquired using either a Leica DMRX epifluorescent microscope and an integrating CCD camera, or a Leica TCS 4D laser scanning confocal microscope. Confocal images were analyzed as maximal projections of the optical sections. Both microscopes were equipped for differential interference contrast.
Botulinum toxin paralysis. Two nanograms of botulinum toxin dissolved in a vehicle comprising 0.2% gelatin, 0.9% NaCl in distilled water was administered directly over levator auris muscles by subcutaneous injection. To assess the level of paralysis the muscle nerve was drawn into a suction electrode and stimulated at 1 and 20 Hz. Muscles were considered paralyzed if they failed to contract following nerve stimulation.
Neuregulin administration. Recombinant human glial growth factor II (1.26 mg, GGF2; Cambridge NeuroScience Inc., Cambridge, MA) dissolved in 10 ml of vehicle (1% bovine serum albumin, 20 mM sodium acetate, 100 mM arginine, 1% mannitol, 100 mM Na 2 SO 4 , pH 6.5) was applied directly over the levator auris longus via subcutaneous injection. The concentration of GGF2 needed to obtain half-maximal proliferation of cultures of Schwann cells is 6.78 ng ml 01 . Note. Total number of apoptotic muscle fibers observed in each muscle from each group. Student's t test (unpaired) was used to evaluate the significance of the differences in the means between the groups. Denervation: P4 vs Den P3-4, P õ 0.005. Paralysis: P5 vs BoTX P4-5, P õ 0.05; BoTX P4-5 vs Den P4-5 / veh, P Å 0.83; BoTX P4-5 vs veh P4-5, P õ 0.05. Abbreviations: P, postnatal day; Den, denervation; veh, vehicle; BoTX, botulinum toxin. later, between 11 and 33 strings of TUNEL-labeled nuclei revealed that these TUNEL-labeled nuclei were contained within muscle fibers (Figs. 1B and 1C) . Muscle fibers (580 were observed. Because myofibers are multinucleated cells, and 610) were counted in whole-mount preparations of two the alignment of these TUNEL-labeled nuclei into long muscles viewed using Nomarski optics. Thus, approximately strings suggested that muscle fibers, as well as Schwann 1 of every 50 fibers is apoptotic in these young muscles. cells, in neonatal muscles are susceptible to denervationIn contrast to myonuclei in healthy muscle fibers, which induced apoptosis. Consistent with this finding, Soileau et appear oblong when stained with either DAPI or propidium al. (1987) reported that a significant fraction of slow muscle iodide (Fig. 1D ), apoptotic myonuclei were often fragmented fibers (fibers derived from primary muscle fibers) are lost into small, round, TUNEL-labeled pieces (Fig. 1E) . The morfrom soleus muscles permanently denervated on postnatal phology of the muscle fibers containing these TUNEL-laday 2 and examined 5 to 10 days later.
RESULTS

FIG
beled nuclei was altered as well. Though retaining their Similar strings of TUNEL-labeled nuclei were seen in the striations, dying muscle fibers were fragmented into small normally innervated, contralateral soleus muscles as well pieces ranging from 15 to 50 mm in length (Fig. 2 , see also (n Å 5), though they were significantly less frequent than
Figs. 1B and 3). Presumably these are apoptotic bodies in denervated muscles (4.4 { 1.0 SEM per whole-mount (Steller, 1995; . Interestingly, the smaller preparation in normally innervated muscles versus 18.8 { fragments had a decreased periodicity in their striations rel-3.2 SEM in denervated muscles; P õ 0.005, Student's t test).
ative to the longer fragments and to healthy fibers (compare Verifying that these strings of TUNEL-labeled nuclei were, the periodicity of the striations in the fragments in the upin fact, myonuclei proved difficult in whole-mount preparaper panel of Fig. 2 to those of the fragment shown in the tions of soleus because these preparations are somewhat lower panel of Fig. 2 ). One explanation of this is that once thick and thus not readily imaged using differential interferthe longer fragments lose all continuity with the rest of ence contrast (Nomarski) microscopy, necessary for the exthe myofiber, they contract, forming shorter and somewhat amination of muscle fiber morphology. Additionally, the wider fragments. Strings of apoptotic myonuclei were rarely thickness of soleus and the penetration of the reagents comseen to extend the entire length of the muscles. In some plicates estimates of the numbers of dying cells. Because of cases, when individual apoptotic fibers were followed for these difficulties in use of soleus, further examinations of some distance, there was an apparent progression of muscle fiber apoptosis in normally innervated and denervated neofiber apoptosis from the middle of the fiber toward the myonatal muscles were made in the levator auris longus, a flat tendonous junction with more pronounced evidence of sheet of muscle fibers comprising only three muscle fiber apoptosis (assayed on the basis of both TUNEL-labeled or layers (Angaut-Petit et al., 1987) .
propidium iodide-labeled myonuclei and muscle fiber fragmentation) seen near the middle of the fiber (Fig. 3 ). When the fragments of an individual muscle could be followed
Characterization of Naturally Occurring Muscle
from one tendon to the other, the fragments were always
Fiber Apoptosis in the Levator Auris of the short and wide variety shown in the upper panel As in neonatal soleus muscles, long strings of TUNELof Fig. 2 ; and though not all of these fragments contained labeled nuclei running parallel to the long axis of the muscle TUNEL-labeled myonuclei, the myonuclei observed were fibers were present in whole-mount preparations of levator very pyknotic. These data suggest that as apoptosis proceeds auris longus muscles removed from P3-P4 rat pups (Fig. 1A, the fragmentation of the fibers and myonuclei becomes more pronounced. Table 1 ). Combined epifluorescence and Nomarski imaging TUNEL-labeled myonuclei were spaced 68 { 3 mm apart.
would support a model in which muscle fiber apoptosis results from the failure of a recently formed fiber to gain This was on average greater than the spacing of myonuclei in healthy, permeabilized fibers stained with propidium ioinnervation. An alternative explanation of muscle fiber maintenance has been put forth by investigators examining dide (55 { 3 mm). However, all myonuclei in the few dying fibers that were labeled with propidium iodide were seen the sexually dimorphic bulbocavernosus muscle. In female rats, the bulbocavernosus muscle is present and functionto be pyknotic (cf. Fig. 3 ). These data suggest that nuclear fragmentation is not restricted to a subset of myonuclei ally innervated at birth. However, this muscle degenerates in females shortly thereafter, possibly as a result of the within the portion of the fiber that is apoptotic.
No fiber apoptosis was observed in levator auris muscles death of its motor pool. These data suggest that muscle removed from P10 rat pups (n Å 3), suggesting that the fiber degeneration results from the loss of previous motor period of naturally occurring fiber loss wanes during the innervation (Rand and Breedlove, 1987) . Given these two first week of early postnatal development.
alternatives, an examination was made of the innervation status of dying muscle fibers in normally developing muscles. The presence of an acetylcholine receptor (AChR) clus-
Dying Fibers in Normally Developing Muscles
ter on an apoptotic muscle fiber was taken as evidence of
Have Clustered Acetylcholine Receptors but former innervation.
Lack Overlying Nerve Terminal Branches
In two muscles that were labeled with the TUNEL techand Terminal Schwann Cells nique, with antibodies to synaptophysin and neurofilament (to label axons and their terminals), and with BTx to label Previous investigators examining muscle fiber developAChRs, 18 trains of TUNEL-labeled myonuclei were seen ment in muscles rendered aneural either by a genetic mutathat ran through the endplate region. No information on the tion that results in the failure of the common peroneal nerve status of innervation of 11 of the fibers containing these apopto form (Ashby et al., 1993a) or by laser ablation of the totic myonuclei could be obtained because a clearly resolved lumbosacral spinal cord (Hughes and Ontell, 1992) have Nomarski image of the muscle fiber could not be obtained reported that the number of primary muscle fibers, though or the fiber was so atrophic in the region of the endplate band initially normal, decreases throughout development as aneural muscle fibers atrophy and degenerate. These results that it could not be followed confidently. Of the remaining 7
FIG. 3.
The onset of fiber apoptosis is not uniform throughout a fiber. A fiber in the early stages of apoptosis imaged with Nomarski optics and stained with the nuclear marker propidium iodide. The fiber appears normal at one end: there are no signs of fiber fragmentation and no signs of nuclear pyknosis (left half of upper panel in the direction of the myotendonous junction). As the fiber is followed toward the endplate it becomes progressively more fragmented (middle panel, left side) and pyknotic myonuclei are clearly visible (black arrows in all panels). Eventually (right half of lower panel), this fiber cannot be followed further. Instead, a trail of debris is present as are large numbers of nuclei. The origin of these nuclei is unclear, though they may be nuclei of macrophages. Scale bar, 20 mm.
apoptotic fibers, 4 displayed no signs of previous innervation, fiber innervated by a single motor neuron. However, loss of all innervating axons may occur in an activity-independent since no AChR cluster or nerve terminal could be identified. It should be noted, however, that the innervation of the levamanner as proposed by Thompson and Jansen (1977) and by Fladby and Jansen (1987) . How such intrinsic withdrawal tor auris longus is complex: two endplate bands separated by a few hundred micrometers are present in this muscle. Thus, occurs is poorly understood. One model put forth by Trachtenberg and Thompson (1997) suggests that terminal while an apoptotic fiber may not have appeared to be innervated at one endplate band, it may have been innervated at Schwann cells play important roles in stabilizing motor nerve terminals: alterations in the position and morphology the second. Given that a single muscle fiber is difficult to follow through both endplate bands, I cannot state with conof terminal Schwann cells in developing muscles preceded and were correlated with the withdrawal of all inputs to a fidence that these 4 apoptotic fibers had never been innervated. The remaining 3 of these 7 apoptotic muscle fibers, developing fiber. Given these results, an examination of the terminal Schwann cells associated with dying fibers was however, had clearly been innervated (Fig. 4) . In each case, a large, well-clustered AChR plaque was present (Fig. 4B) . made in two muscles jointly labeled with the TUNEL technique, antibodies to neurofilament and synaptophysin, antiInterestingly, although motor axons were seen to extend to these dying fibers, these motor axons lacked terminal arboribodies to the glial marker S100, and with bungarotoxin. In these two muscles two apoptotic muscle fibers with unamzations (Fig. 4C) , leaving all or a part of the underlying AChR plaque devoid of innervation (Fig. 4D) .
biguous AChR plaques were found (one is shown in Fig. 5) . As with the muscles described above, axons projected to The retraction of all inputs to a muscle fiber is unlikely to result from the activity-dependent competition between these fibers, but the AChR plaques lacked overlying nerve terminal branches. Terminal Schwann cells were absent motor nerve terminals that ultimately leaves each muscle AChRs, labeled with BTx, remain clustered on the dying muscle fiber, marking the former synaptic site (thick arrow labeled ''2''). The two thin arrows in this panel (labeled ''1'' and ''3'') point to two AChR clusters on healthy, normally innervated fibers. (C) Axons labeled with antibodies to neurofilament and synaptophysin. The arrows labeled ''1,'' ''2,'' and ''3'' point to the positions of the AChR clusters shown in B with the same numeric label. The arrow labeled ''axon termination'' points to the end of the motor axon that projects to endplate 2 on the dying fiber. This axon does not ramify to cover the underlying AChR plaque, suggesting that the terminal arborization has been retracted. The arrows labeled ''1'' and ''3'' in this panel point to the nerve terminal arbors that cover the corresponding AChR plaques identified by similar arrows in B. The axons that pass over endplate ''2'' are labeled ''passing axons.'' (D) A color schematic of the synaptic sites shown in B and C displaying the precise overlay of axons and AChRs. The AChRs are labeled in red, the innervating axon to endplate 2 is labeled in green, and the remaining axons that project to endplates 1 and 3 are labeled in yellow. Endplates 1 and 3 are well covered by motor nerve terminals, whereas there are clearly large areas of endplate 2 that lack such coverage. Scale bar, 20 mm. from the AChR rich regions as well, but were coextensive P10 rat pups (see above). To examine whether muscles are susceptible to denervation-induced apoptosis at this age, with the motor axons (Fig. 5) . However, while terminal Schwann cells were absent, there were no signs of terminal 4 levator auris longus muscles were denervated on P10 and then removed and examined on P11. In these muscles Schwann cell apoptosis.
These data demonstrate that muscle fiber apoptosis, at between 0 and 3 apoptotic fibers were seen in each preparation. Terminal Schwann cells in these denervated muscles, least in some cases, is correlated with the retraction of all previously innervating motor neurons and with the loss of, however, retained their susceptibility to denervation: terminal Schwann cell nuclei were TUNEL-labeled, and the or failure to acquire, terminal Schwann cell coverage.
Schwann cells themselves were seen to have fragmented into apoptotic bodies.
Muscle Fiber Apoptosis Is Increased Following
These data suggest that muscle fibers either lose their
Denervation and Muscle Paralysis
susceptibility to denervation-induced apoptosis, or that the The results presented above argue that muscle fiber onset of apoptosis following denervation is delayed at this apoptosis follows the loss of innervation. To examine this age. Additionally, along with the data from the BoTX-paradirectly, levator auris muscles were denervated on postnatal lyzed muscles (see above), these data further demonstrate day 3 and examined one day later (n Å 5). In these muscles that terminal Schwann cell apoptosis and muscle fiber there was a statistically significant increase in the number apoptosis are independently regulated. of apoptotic muscle fibers relative to normally innervated muscles ( Table 1 ). The morphological characteristics of fiber apoptosis in denervated muscles were indistinguishable
Muscle Fiber Apoptosis Can Be Prevented
from those in normally innervated muscles.
by Application of Exogenous Neuregulin
These results demonstrate that innervation is critical for
The results presented in the preceding sections argue that the survival of some developing muscle fibers. Motor neumotor neurons regulate the survival of some muscle fibers. rons may regulate the survival of developing muscle fibers Previous studies have reached similar conclusions, though by releasing some trophic factor, by inducing action potenthey argue that muscle fiber survival is ultimately regulated tials in the muscle fibers following release of acetylcholine, by motor neuron-induced excitation contraction coupling or both. Consistent with a role for nerve-induced electrical (Ashby et al., 1993b) . While the data reported here support activity in regulating muscle fiber apoptosis, Ashby et al. this view, another possibility is that activity is required (1993b) proposed that excitation contraction coupling was for fibers to produce and/or respond to trophic factors. The required for the survival of primary muscle fibers. To examneuregulins, a family of alternatively spliced ligands for ine whether suprathreshold activity is required for muscle erbB receptor tyrosine kinases (Carraway and Burden, 1995; fiber survival, levator auris muscles in P4 rat pups were Lemke, 1996) , have been demonstrated to influence gene paralyzed for 1 day with botulinum toxin (BoTX), an agent expression in cultured muscle fibers, and to stimulate myothat prevents the fusion of synaptic vesicles and thus halts genesis in cultured myoblasts (Carraway and Burden, 1995; synaptic transmission (n Å 4). The magnitude of muscle Lemke, 1996; Florini et al., 1996) and are thus attractive fiber apoptosis in these muscles was compared with that in candidates for regulators of muscle fiber apoptosis. Consismuscles from littermates that had been denervated on the tent with such a role, motor neurons and muscle fibers day of the BoTX administration (e.g., P4), with muscles exexpress neuregulin mRNA (Marchionni et al., 1993 ; Mosposed to vehicle alone, and with muscles left untreated (Tacoso et al., 1995) , and neuregulin and its receptors erbB2, ble 1). The magnitude of fiber apoptosis in muscles paraerbB3, and erbB4 are concentrated at neuromuscular junclyzed with BoTX was significantly greater than in both vehitions by the early postnatal period, and possibly earlier cle-exposed controls and untreated controls (Table 1) . Moscoso et al., 1995; Sandrock et However, there was no statistically significant difference in al., 1995; Zhu et al., 1995) . the magnitude of fiber apoptosis between BoTX paralyzed To examine whether neuregulin could prevent denervaand denervated muscles ( Table 1) . As previously reported tion-induced apoptosis of muscle fibers in vivo, GGF2, a solu-(Trachtenberg and , there were no signs of ble isoform of neuregulin, was applied via subcutaneous interminal Schwann cell apoptosis in any of the BoTX parajection directly over levator auris longus muscles denervated lyzed muscles. The significance of this will be examined on either P2 or P3. A single injection of 1.26 mg of GGF2 in under Discussion.
10 ml of vehicle was administered following resection of the These data demonstrate that suprathreshold activity is muscle innervation, and muscles were examined 1 day later. required for the survival of muscle fibers. Furthermore, Muscle fiber apoptosis, assayed on the basis of both TUNELthese data demonstrate that terminal Schwann cell survival labeled myonuclei and muscle fiber fragmentation, was sigand muscle fiber survival are independently regulated.
nificantly less in denervated, GGF2-exposed muscles than in denervated muscles exposed to vehicle (Table 2) . Given this
Muscle Fiber Susceptibility to Denervation Wanes
result, an examination was made into whether exogenous during the Second Postnatal Week neuregulin could also prevent the naturally occurring muscle fiber apoptosis seen in normally innervated, neonatal musIn normally developing muscles, no apoptotic muscle fibers were seen in levator auris muscles removed from cles. Levator auris longus muscles exposed to a single appli- Note. Total number of apoptotic muscle fibers observed in each muscle from each group. Student's t test (unpaired) was used to evaluate the significance of the differences in the means between the groups: P4 vs NRG P3-4, P õ 0.05; denervation P3-4 vs denervation P3-4 / NRG, P õ 0.001. Abbreviation: GGF, glial growth factor II.
cation of exogenous GGF2 on P2 or P3 and examined 1 day plaques. These data support hypotheses put forth by Thompson and Jansen (1977) and by Fladby and Jansen later (n Å 3) displayed from 0 to 1 apoptotic muscle fibers per muscle (Table 2 ). This was significantly less than that (1987) that in addition to activity-dependent mechanisms, there are also activity-independent mechanisms that result seen in normally innervated P4 muscles exposed to vehicle (Table 2 ). These data demonstrate that exogenous neuregulin in the retraction of nerve terminals from synaptic sites. A number of possible explanations for the induction of can prevent both denervation-induced and naturally occurring muscle fiber apoptosis in vivo.
naturally occurring muscle fiber apoptosis present themselves. Given that Rich and Lichtman (1989) and Van Mier and Lichtman (1994) have demonstrated that nerve terminal branches are retracted from dying muscle fibers, an argu-DISCUSSION ment could be made that muscle fiber apoptosis precedes, and in fact induces, the retraction of motor nerve terminals The results reported here demonstrate that the survival of muscle fibers is regulated directly by neuregulin and indifrom AChR-rich regions of the muscle fiber membrane, producing the vacated synaptic sites observed in this study. rectly by suprathreshold activity in developing muscle fibers. Whereas a simple model can explain denervation and However, that both denervation and botulinum toxin-induced fiber paralysis increase the magnitude of muscle fiber paralysis-induced fiber apoptosis (see below), the underlying cause of naturally occurring muscle fiber apoptosis remains apoptosis argues that loss of suprathreshold activity precedes and induces muscle fiber apoptosis in normally develincompletely understood. At least in some cases naturally occurring fiber apoptosis appears to result from a loss of oping muscles. This model, then, raises the question of what would ininnervation, rather than an inability of a newly formed fiber to acquire innervation. As reported in this study, a number duce all nerve terminal(s) to retract from a muscle fiber? One possibility is that the muscle fiber failed to produce of apoptotic fibers in normally developing muscles displayed well-clustered AChR plaques, and while motor axthe retrograde factor(s) required for the maintenance of the nerve terminals (Santo Neto et al., 1996) . An alternative ons projected to these dying fibers, they lacked terminal arborizations, suggesting that the nerve terminal had rehypothesis is that naturally occurring terminal Schwann cell apoptosis or the failure of terminal Schwann cells to tracted from contact with these fibers. Additionally, terminal Schwann cells were not associated with the AChR establish themselves at developing neuromuscular junc- tions leads to the destabilization and subsequent retraction activity in muscle fibers and ultimately neuregulin are required the survival of some developing muscle fibers, sugof underlying nerve terminal arborizations (Trachtenberg and Thompson, 1997) , ultimately resulting in the death of gest the following model for how motor neurons regulate the survival of primary muscle fibers. Motor neuron-inthe postsynaptic muscle fiber. This model is supported by observations presented in this article demonstrating that duced suprathreshold activity in primary muscle fibers [possibly requiring events associated with excitation-contracterminal Schwann cells are absent from synaptic sites on dying fibers (Fig. 5) .
tion coupling (Ashby et al., 1993b) ] leads to an increased expression of muscle-derived neurotrophins (most likely NT-4). Muscle-derived neurotrophins then act on two possiHypotheses on the Roles of Neuregulin and ble pathways. In the first, neurotrophins act retrogradely on Suprathreshold Activity on Muscle Fiber Survival the innervating motor neurons, ultimately leading to an increased expression of neuregulin which is then transIn muscles that develop in the absence of innervation, primary muscle fibers appear to form in normal numbers ported anterogradely to the motor nerve terminal where it is released into the synaptic basal lamina ultimately binding (Hughes and Ontell, 1992; Ashby et al., 1993a,b) . However, the long-term survival of these fibers requires innervationerbB receptors on the muscle fiber membrane. In the second, muscle-derived neurotrophin acts in an autocrine manner induced suprathreshold activity (Ashby et al., 1993b) . Secondary muscle fibers, in contrast, do not appear to depend by binding Trk receptors on the muscle fiber resulting in an increased expression of muscle-derived neuregulin which upon innervation for their survival (Condon et al., 1990; Fredette and Landmesser, 1991; Hughes and Ontell, 1992;  again acts in an autocrine manner, binding erbB receptor tyrosine kinases in the muscle fiber membrane. The net Ashby et al., 1993a,b) . Rather, innervation, by the depolarization it induces in primary muscle fibers, may regulate result of both of these activity-dependent pathways is an increased expression of synaptic neuregulin and ultimately the number of secondary muscle fibers that are generated (Ross et al., 1987; Ashby et al., 1993b) . Consistent with muscle fiber survival. In muscles paralyzed with botulinum toxin, muscle fiber these observations, denervation of soleus muscles on postnatal day 0 results in a significant loss of slow, type 1 musapoptosis was increased in magnitude and was not significantly different from the magnitude of fiber apoptosis in cle fibers, which derive from primary muscle fibers, but does not appear to alter the numbers of fast muscle fibers fully denervated muscles from age-matched littermates (Table 1). However, in contrast to the fully denervated muscles, (Soileau et al., 1987) .
Here, however, I report that in denervated, and thus inacthere were no signs of terminal Schwann cell apoptosis in the paralyzed muscles. Terminal Schwann cells, as well as tive neonatal muscles, exogenous neuregulin prevents muscle fiber apoptosis. How can the observation that neuregulin muscle fibers, require neuregulin for their survival (Trachtenberg and . Thus, in the paralyzed musis capable of regulating muscle fiber survival in the absence of activity be reconciled with the observations that depolarcles neuregulin must have been presented to the terminal Schwann cells. Given that terminal Schwann cells are esization of primary muscle fibers is required for their survival? These observations can be reconciled if innervationsentially isolated from contact with the underlying muscle fiber by the motor nerve terminal, this result suggests that dependent suprathreshold activity in muscle fibers ultimately regulates the levels of synaptic neuregulins, which motor neurons continued to produce neuregulin and transport it to their terminals in these paralyzed muscles. On in turn regulate muscle fiber survival.
Levels of the neurotrophin NT-4 in muscle fibers have the basis of this observation it can be argued either that muscle fibers require higher levels of neuregulins than do been demonstrated to be regulated by muscle fiber activity. Both denervation and muscle paralysis result in a decreased terminal Schwann cells for their survival, and thus both the muscle fiber and the motor neuron must release neuregulin expression of NT-4, whereas extrinsic electrical stimulation of normally innervated or denervated muscles leads to an into the synaptic cleft to meet this requirement (with the levels of muscle-derived neuregulin being compromised by increase in NT-4 expression (Funakoshi et al., 1993 (Funakoshi et al., , 1995 . Interestingly, type 1 slow muscle fibers appear to be the paralysis), or that muscle fibers require different isoforms of the neuregulins (e.g., membrane bound vs soluble isoprimary source of NT-4 in muscles (Funakoshi et al., 1995) . Given that it is the slow fibers that disappear from soleus forms) for their survival than do the terminal Schwann cells and that it is the expression of these specific isoforms (e.g., muscles denervated soon after birth (Soileau et al., 1987) , and it is slow fibers that are generated from primary myothe ones required for muscle fiber survival) that is altered by denervation and paralysis. fibers, it is reasonable to speculate that the dying fibers reported in this study are primary myofibers and are thus the primary source of NT-4. Recently, Loeb and Fischbach (1997) demonstrated that the neurotrophins BDNF, NT-3, and NT-4 as well as GDNF can induce a rapid increase in the data presented here demonstrating that suprathreshold Copyright ᭧ 1998 by Academic Press. All rights of reproduction in any form reserved.
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